Very little research has been done on volcanic rocks by the oil industry due to the misconception that these rocks cannot be "good reservoirs." However, in the past two decades, significant quantities of hydrocarbons have been produced from volcanic rocks in China, New Zealand, and Argentina. In frontier basins, volcanic piles are sometimes misinterpreted to be hydrocarbon anomalies and/or carbonate buildups. Unlike clastic and carbonate systems, the 3D seismic geomorphology of igneous systems is only partially documented. We have integrated 3D seismic data, well logs, well reports, core data, and clustering techniques such as self-organizing maps to map two distinct facies (pyroclastic and lava flows), within a Miocene submarine volcano in the Taranaki Basin, New Zealand. Three wells; Kora-1-3 drilled the pyroclastic facies within the volcano encountering evidence of a petroleum system, whereas the Kora-4 well drilled the lava-flow facies, which was barren of hydrocarbons. By integrating results from geochemistry and basin modeling reports prepared for Crown Mineral, New Zealand, we concluded that the reason that Kora-4 was dry was due to a lack of source charge -not to the absence of reservoir quality. Moreover, the Kora-1 well drilled a thick sequence (>1000 m) of pyroclastic flows in this submarine volcano by chance and found high peaks of gas in the mudlogs near the top 25 m of this sequence. A long-term test in this upper volcanic section resulted in 32 API oil flow of 668 barrels of oil per day for 254 h -a result that challenges the misconception that volcanic rocks cannot be good reservoirs.
Introduction
Although igneous intrusive and extrusive rocks are common in the North Sea, New Zealand, northwest Australia, Argentina, offshore Brazil, China, and other oil provinces around the world, there is only limited documentation of the seismic expression of igneous rocks in 3D seismic data. In most cases, igneous rocks have limited impact on the exploration objective, unless someone is unfortunate to drill a bright spot having the wrong polarity (Alvez et al., 2015) , or a nonmagnetic volcanic plug masquerading as a carbonate buildup (Klarner et al., 2006) . In some cases, the thermal effects of igneous intrusions can beneficially affect the maturity of source rocks, by increasing the geothermal gradient and placing immature source rocks within the oil window (Holford et al. [2013] and this study). However, in others cases, this increase in temperature may adversely affect the maturity of hydrocarbons by overcooking the source rock (Barber et al., 1988; Kingston and Matzko, 1995) . Volcanic facies can also act as seals/ traps (Holford et al., 2013) and if fractured, they serve as migration pathways (Rateau et al., 2013) . Similarly, a volcanic flow might form the reservoir (e.g., Zhang and Marfurt, 2011) . Delpino and Bermudez (2009) draw on experiences in the Neoquen and San Jorge Basins of Argentina and Bolivia and find that igneous intrusions can increase and decrease reservoir permeability and may also give rise to fractures in overlying clastic reservoirs through differential compaction on batholiths. Farooqi et al. (2009) provide an excellent summary of the rich diversity of igneous reservoirs from around the world. One of the key means of identifying igneous extrusions and intrusions is through their morphology, either seen in a vertical section or through the attribute time and horizon slices. Planke et al. (2005) , Klarner et al. (2006) , Jackson et al. (2013) , Alves et al. (2015) , and Delpino and Bermudez (2009) as well as others find that igneous sills often appear to be of high amplitude and bowl shaped, climbing upward to form a stacked but offset pattern. Klarner et al. (2006) , Pena et al. (2009) , and Zhang and Marfurt (2011) all map the characteristic volcanic cones seen on the earth's surface, although the associated volcanic flows and tuff appear similar to mass-transport complexes and other sedimentary features, such as lava flows that mimic distributary channels mapped by McArdle et al. (2014) . We have not seen any clear images of feeder stocks on data that we have analyzed from Mexico, China, or New Zealand, with the chaotic column of amplitude beneath a volcanic cone being overprinted by velocity pull-up and degraded imaging on time-migrated data volumes. The second author has found near-vertical dikes to be very wellimaged by coherence volumes in the San Jorge, Santos, Neoquen, and Portiguar Basins of South America, although none of these images have been released for publication. Klarner et al. (2006) find that identifying easily imaged features is key to identifying subtler or potentially misleading architectural elements of a volcaniclastic system. Specifically, the presence of deeper sills near the shallower volcanic vents is a key warning that they may not be carbonate collapse features or buildups. Such feature identification and awareness is one of the main objectives of this special issue in Interpretation.
In addition to a specific geomorphology, igneous rocks often exhibit anomalous impedances. However, Klarner et al. (2006) find that high-impedance volcanic mounds and high-impedance carbonate buildups can be strikingly similar. Delpino and Bermudez (2009) use impedance inversion to confirm and help to map intrusive sills that finger upward. Alves et al. (2015) analyze a Brazilian survey and show that the polarity is opposite for igneous and gas-charged sand "bright spots." Zhang and Marfurt (2011) use well control to map the reservoir facies in a volcanic buildup in the Songliao Basin of northeast China. Sarkar et al. (2016) find that the interbed multiples associated with high-impedance volcanic sills can be stronger than underlying primaries, and if picked in the velocity analysis, they can give rise to erroneous images.
Regardless of the nature of the igneous event, three fundamental questions need to be asked when exploring in basins affected by magmatic events. First, can we easily distinguish extrusive bodies such as volcanoes from carbonate buildups using seismic data? Second, do igneous bodies impact petroleum systems negatively or positively? Third, should we always categorize igneous bodies as being nonreservoirs? These are the questions that we will try to answer based on the data available for this research.
In this paper, we use seismic amplitude data to identify and map igneous intrusions such as hornfels, sills, and dikes (of which spatial and temporal associations are essential for distinguishing extrusive bodies such as volcanoes from carbonate buildups). We also compute geometric attributes from the 3D seismic amplitude data including dip magnitude, dip azimuth, and coherence to map the volcanic cone and associated faulting in the differentially compacted overburden. We use seismic stratigraphy principles and geomorphology combined with seismic texture and frequency attributes in a self-organizing clustering technique (self-organizing maps [SOMs] ) to map productive and unproductive zones of the oil-bearing Miocene Kora volcano in the Taranaki Basin of New Zealand. Finally, we investigate the reasons of the absence of hydrocarbons in the unproductive zones through calibration of core and well data present in basin modeling, well completion, and geochemistry reports publicly available online in the New Zealand, Petroleum and Minerals (Ministry of Business, Innovation, and Employment, 2005) .
Geologic background
The study area is in the Northern Graben of the Taranaki Basin, New Zealand (Figure 1 ). Although very extensive and complex, the evolution of the Taranaki Basin can be briefly summarized in three major phases of deformation: phase one, Cretaceous to Paleocene (approximately 84-55 ma) extension; phase two, Eocene to recent (approximately 40-0 ma) shortening; and phase three, Late Miocene to recent (approximately 12 ma) extension (Giba et al., 2010) . Late Cretaceous extension was responsible for the breakup of Gondwana Thrasher, 1992, 1996) , whereas shortening in the Taranaki Basin is thought to have formed as a consequence of the subduction of the oceanic Pacific plate with the continental Australian Plate (Demets et al., 1994; Beavan et al., 2002) . The last phase of deformation in the Taranaki Basin was the Miocene and younger extension. It was accompanied by volcanism that commenced at approximately 16 myr and Figure 1 . Location of the study area showing the structural style of the basin and the distribution of volcanic events. After King et al. (1993) , King and Thrasher (1996) , Thrasher et al. (2002) , and Hansen and Kamp (2006) .
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Interpretation / August 2017 continues at Mt. Taranaki today (Neall et al., 1986; Hayward et al., 1987; Bergman et al., 1992; King and Thrasher, 1992) . These volcanic centers are mainly stratovolcanoes, of mostly low-medium K andesitic composition and, together with their north-northeast-trending alignment (Figure 1 ) parallel to the late Miocene subduction margin, suggest that magmas are derived from the subducting Pacific Plate beneath the basin (Bergman et al., 1992) .
Data set
The data set available for this study is shown in Figure 2 , and it includes approximately 200 km 2 of 3D prestack time migration (PSTM) seismic data acquired in 2006, six wells with four of them inside the 3D seismic survey (Kora-1-4) each with caliper, gamma ray, bulk density, neutron porosity, P-sonic resistivity logs, and some of them with photoelectric factor. The operator of these wells drilled in the 1980s was the former ARCO Petroleum New Zealand Inc. Basin modeling, geochemistry, and well-completion reports for all the wells as well as one 2D PSTM seismic line passing through one of the wells outside the 3D seismic survey are also available.
Drilling history
According to the well-completion reports, the Kora-1 well was drilled in the 1980s by ARCO Petroleum New Zealand Inc. to test the Eocene Tangaroa Sandstone member, with a large dome structure associated with a Miocene age volcano. The well was drilled to a TD of 3421 m (11,224 ft) and encountered significant indications of hydrocarbons in the top of the Miocene volcanic section and in the upper and lower Tangaroa Sandstone. Results of three drill stem tests (DSTs) evaluating the Tangaroa shows indicated that the Tangaroa Sandstone member was a tight formation. However, the Miocene volcanic sections were tested as a sidetrack Kora-1A. A long-term production test was conducted, which resulted in 32 API oil flow of 668 BOPD for 254 h. Following the success of hydrocarbons found in the Miocene, volcanic wells Kora-2-4 were drilled to keep testing this volcanic potential. Only shows were found in wells Kora-2 and Kora-3, whereas Kora-4 was barren of hydrocarbons. Therefore, the 3D Kora seismic survey was acquired in 2006 with the objective of imaging the Miocene Kora volcano.
Lateral extension of the Kora volcano and faults associated with cooling and collapse of volcanic edifice Figure 3 shows a general view of the Kora volcano with an arbitrary inline and crossline in 3D view, in which different amplitude/facies can be easily identified. Within the volcano itself, we can identify two different facies: a high-amplitude continuous facies and a more chaotic moderate amplitude facies. A bright, shallow, low-frequency flat reflector appears above the volcano. This feature may indicate the presence of inorganic gases, such as water vapor, carbon dioxide, and sulfur dioxide, which are commonly found in volcanoes.
Extracting a time slice through the coherence attribute at 2050 ms shows a semicircular, low-coherence feature that delineates the extent of the volcano. The extension of the Kora volcano is approximately 6-7 km in diameter, with a preserved peak height of approximately 1 km. These dimensions are comparable with the more modern Mount Taranaki (approximately 4 km in diameter and 2518 m of peak height) and Mount Ruapehu (approximately 6-7 km in diameter and 2797 m of peak height) analogs in the Taranaki Peninsula, New Zealand. Normal faults are observed as low-coherence radial patterns similar to those created by salt diapirs (Rojo et al., 2016) (Figure 4 ). Unlike salt diapirs that create these radial-fault patterns by upward migration breaking through the host rocks, the cooling and collapse episodes of the volcanic body are responsible for producing the radial-fault patterns. Such a hypothesis can be proposed because this deformation is observed in sediments above the volcano, which postdate the volcanic activity (the 2050 ms time slice cuts mainly postvolcanic sediments). Radial fault patterns like those created by the Kora volcano are likewise documented by Giba et al. (2013) also in the Northern Graben of the Taranaki Basin. Similarly, corendering volumetric dip azimuth and dip magnitude, we image the volcano and the radial normal faults, showing the direction in which both events are dipping. The different colors in the volcano indicate a dome structure ( Figure 5 ).
Intrusive igneous bodies and seismic amplitude variability within the Kora volcano
Although not extensively documented in seismic data, the most common features related to igneous bodies are intrusive sills like those described by Planke et al. (1999) , Holford et al. (2013) , Jackson et al. (2013) , and Alves et al. (2015) as well as more recently by Magee et al. (2016) and Cortez and Cetalte-Santos (2016) . To catch the elements created by the episodic Miocene magmatic events, we create sequential vertical sections with different orientations through the amplitude volume (Figures 6, 7, 8, and 9) . These vertical-amplitude sections show the dome shape of the top of the volcano exhibiting high amplitude. Its bright amplitude at the top is due to the high-impedance contrast between the siliciclastic sediments and volcanic rocks. Associated with this Miocene igneous intrusion are saucershaped sills, dikes, a gas chimney emanating from the center of the volcano, and the magma conduit distinguishable from other elements of the volcano by the anomalously low seismic amplitude. Sedimentary wedges also occurred at both sides of the volcano indicating that the igneous body is formed before the wedges .
Figure 10 displays a vertical amplitude section illustrating "saucer"-shaped intrusive bodies, in which the high-amplitude and discontinuous nature is evident. The upward migration of these intrusions deforms the surrounding sediments creating forced folds, faults Magee et al., 2014; Alves et al., Figure 6 . Vertical section XX′ through the seismic amplitude volume. The high reflectivity of the top of the volcano is due to siliciclastic/igneous impedance contrast. The onlapping wedge at both sides of the volcano indicates that the volcano formed before than the wedges. . Vertical section YY′ through the seismic amplitude volume. The orange arrow points to a localized high-amplitude, low-frequency event, which we interpret to be an inorganic gas chimney emanating from the volcano. Notice the same onlapping wedges at both sides of the volcano shown in the previous figure, indicating the volcano formed before the wedges. The orange arrow indicates a pop-up structure, which is probably the result of magma rising and breaking into the host rock, creating a zone of hornfels. Note again the high reflectivity and the onlapping wedge at both sides of the volcano seen in the previous figures, indicating that the volcano formed before than the wedges. Figure 9 . Vertical section XZ′ through the seismic-amplitude volume. The orange arrows indicate two pop-up structure, which we interpret to be the result of magma rising and breaking into the host rock, creating a zone of hornfels. The cyan arrow indicates an intrusive sill characterized by localized high-amplitude reflectors.
Interpretation / August 2017 SK125 2015), and possibly hornfels such as those described in outcrop by Liborius-Parada and Tazzo (2012) (Figures 8  and 9 ). The spatial distribution of these sills is illustrated using a set of corendered time slices through the instantaneous envelope attribute. Figure 11 shows the semicircular distribution of these intrusive sills about the volcano, allowing us to hypothesize that these intrusions are related to the same magma conduit that later created the Kora volcano in the Early Miocene. Such distributions of sills can be seen as evidence for multistage volcanic episodes within the Kora volcano edifice.
Lithologic composition of the volcanic/ volcaniclastic sequences from well completion reports A vertical random line through all the wells available in the study area shows different seismic facies regarding the volcanic/volcaniclastic sequence. Because the Ariki-1 well is outside the Kora 3D survey, we use an additional available 2D PSTM seismic section that augments the 3D seismic survey and ties the Ariki-1 well ( Figure 12 ). The Ariki-1 well cuts through some chaotic seismic facies similar to mass-transport deposits (MTDs) documented by Posamentier and Kolla (2003) , Lee et al. (2004) , Dallas et al. (2013) , and Qi et al. (2016) that originated from the western flank of the volcano. The well completion report reads cuttings from the interval 2256 to 2556 m as volcaniclastic deposits: Tuffaceous material is most abundant in the lower part of the formation and decreases upward, reflecting the waning of volcanic activity. The lithology varies from gray mudstones with a tuffaceous matrix, including biotite, chlorite, pyrite, and at the base, light to moderate gray sandy tuffs. These tuffs contain abundant angular to subangular, fine to medium poorly sorted clasts of biotite, garnet, olivine, hornblende, and aphanitic material together with quartz and feldspar of sedimentary and volcanic origin.
The Kora wells 1-3 drilled through the crest and eastern flank of the volcano, which are characterized by chaotic moderate amplitude. According to the Kora-1-3 well-completion reports, Kora wells-1-3 cut through a series of pyroclastic flows deposits of andesite composition dominated by plagioclase (andesine), hornblende, and pyroxene. Textural characteristics vary from sand-size andesite tuff breccia to clast-supported andesite agglomerates. Induration qualities also vary widely from unconsolidated to well-consolidated. Core data in Kora-1 indicate fair to good porosities (25% average), and good oil shows at the top 25 m, becoming fair through the base.
The Albacore-1 well cuts through salt/pepper seismic facies. The well completion report indicates the well drilled through 11 m of an aggregate of sandstone, siltstone, and mudstone in which andesitic detritus is a dominant constituent. This detritus is overall brownish gray, mainly fine to medium grained, moderately to poorly sorted, angular to subangular, and it is composed of 70% quarts and feldspars, common black pyroxene/ hornblende with well-developed crystal faces, and yellowish green apatite or epidote.
Based on the analyzed seismic facies and core/cuttings integration, we can determine that the MTD-like facies on the western part are a result of volcanic subaqueous flow. The eastern crest and flanks of the volcano correspond to pyroclastic flows, and the salt-andpepper-like facies in the eastern part refer to andesitic detritus mixed with clastic sands and mudstones (ADC) (Figure 12) .
For utilitarian reasons, the well-log expression of this volcanic sequence is better illustrated by correlating the six wells using the top of the volcanic sequence as a flattened surface (Figure 13 ). Because the gamma-ray tool reads uranium, thorium, and potassium, the low gamma-ray response is due to the intermediate (in contrast to felsic) magma composition (Somasundaram et al., 2017) of the volcano (Kora-1 well report), which is mainly composed of calcium plagioclase, pyroxene, and some quartz (Bowen, 1922) . Per the mineralogy report, the mineralogy composition is 42% plagioclase, 8% pyroxene, 6% quartz, and 31% of smectite clay giving an average grain density of 2.64 g/cm 3 . This grain density of 2.64 g∕cm 3 is used for calculating density porosity in the Kora wells, which ranges from 20% to 26%. In addition, a summarized well-log and a seismic expression of the volcanic architectural elements are shown in Figure 13 .
The seismic well ties with the Kora wells indicate that wells Kora-1-3 penetrate the same chaotic moderate amplitude seismic facies, whereas the Kora-4 well penetrates the high-amplitude continuous seismic facies (Figure 14) . Core pictures and descriptions available from the Kora completion well reports show that the volcanic rocks penetrated by Kora-1-3 wells represent a series of altered andesitic clasts with grain size all the way from tuff (volcanic ash) to pebbles representing several sequences of pyroclastic flows (Figure 15 ). This series of altered andesitic class exhibits a repeated pattern of fining-upward clasts every 5-8 m, which serves as evidence for multistage volcanic episodes within the Kora-volcano edifice. Furthermore, sidewall cores from the upper volcanic section were taken from Kora-1 well for porosity and permeability measurements. The Kora-1 well-completion report reads porosity ranges of 20%-26% and 170-240 mD of permeability, which agrees with the log-derived porosity.
Geomorphology of the Kora volcano
The conic geometry of the volcano makes it necessary to study it in different directions. Figure 16 shows the vertical section B-B′ in the northwest−southeast direction; such section crosses well Kora-4 illustrating the Figure 12 . Vertical section ABCD showing an additional 2D PSTM seismic section that augments the 3D seismic survey and ties the Ariki-1 well. Kora wells 1−3 penetrate the volcano giving information about the chaotic moderate amplitude seismic facies. The yellow arrows indicate two different seismic facies: The Ariki-1 well on the western part identifies Tuffaceous sandstones to claystones, whereas the Albacore well to the east encounters andesitic detritus mixed with clastic deposits. Confirming that the unknown seismic facies are in fact related to the volcanic event. VMTD, volcanic mass-transport deposit; ADC, andesitic detritus mixed with clastic.
Interpretation / August 2017 SK127 Figure 13 . Correlation of all the wells available in this study. Track 1 displays the caliper log, track 2 displays the gamma ray, and track 3 displays the density porosity logs. Sections are flattened on top of the volcanic sequence for easier correlation. Note the low gamma-ray response in all the wells consistent with intermediate versus felsic-magma composition (Somasundaram et al., 2017) . The Albacore well on the far right only shows the top few feet of the volcanic event. The average density porosity is approximately 25% in Kora-1. All wells are shown with their associated seismic expression. Figure 14 . Vertical section AA′ through the four Kora wells. The wells are tied to the seismic data using conventional seismic well-tie techniques. The seismic amplitude shows that the chaotic moderate-amplitude reflectors are penetrated by wells Kora-1−3, whereas the strong continuous reflectors are penetrated only by well Kora-4.
SK128 Interpretation / August 2017 strong continuous and chaotic reflectors. We also notice two onlapping wedges at both sides of the volcano indicating that the volcanic activity originated before these events. There is also evidence of the magma conduit breaking the host rocks (blue arrow below). The north-south vertical section illustrates mainly the chaotic seismic facies penetrated by wells Kora-1-3. The magma conduit is also apparent in the seismic section evidenced by the anomalous low amplitudes in the center of the volcano; the onlapping wedges are also present (Figure 17) . Similarly, the east-west vertical section shows two distinctive seismic facies within the volcano. Wells Kora-1 and 4 cut chaotic moderate amplitude and continuous high-amplitude reflectors, respectively, the onlapping wedges are also present (Figure 18) . The presence of the onlapping wedges in the previous figures suggests that these sediments were shed from all directions.
Analyzing the core data from Kora-1-3, we can identify the chaotic moderate amplitude seismic facies as pyroclastic flows. Although the Kora completion well reports find no significant difference in mineralogic composition in volcanic rocks penetrated by Kora-1-3 to those penetrated by Kora-4, the slightly higher gamma ray in Kora-4 maybe due to higher clay content (possible higher alteration of plagioclase to clay rather than in situ clay sedimentation). Thus, the nature of the continuous high-amplitude seismic facies remains unknown. For this reason, we use clustering techniques and geomorphology to identify the architectural element represented by the continuous high-amplitude seismic facies.
SOMs and geomorphology
The SOM is a classification technique that extracts similar patterns inherent in multiple seismic attribute volumes and displays those similarities in a color-coded map, with different colors representing different facies . The SOM with detailed steps in our workflow is shown in Figure 19 . The input attributes to Interpretation / August 2017 SK129 feed the SOM are texture (homogeneity and entropy), peak frequency, and peak magnitude attributes. These attributes are extracted from the raw amplitude data using software developed at the University of Oklahoma (e.g., Matos et al., 2011; Qi et al., 2016) .
Hall-Beyer (2007) defines texture as "an everyday term relating to touch that includes such concepts as rough, silky, and bumpy. When a texture is rough to the touch, the surface exhibits sharp differences in elevation within the space of your fingertip. In contrast, silky textures exhibit very small differences in elevation." Seismic textures work in an analogous manner with elevation replaced by amplitude, and the probing of a finger by a rectangular or elliptical analysis window oriented along the structure.
In general, texture attributes provide images that are somewhat fuzzy and not very useful for human interpretation. Rather, these attributes serve as input data to SOMs or other clustering algorithms.
The correlation of the Kora wells with the homogeneity and entropy texture attributes displays the continuous high-amplitude facies to have values of homogeneity and low values of entropy.
The opposite is true for the chaotic moderate-amplitude facies, suggesting that we can separate these two (Figures 20 and 21) . The peak frequency modulated by peak magnitude attribute displays the dominant frequency for the entire volcanic sequence, ranging from approximately 40-55 Hz (Figure 22 ). Although exhibiting similar frequencies, low values of peak magnitude are observed in the center of the fence diagram (magma conduit) and in between different zones about the Kora-4 well.
Consequently, we input the previously computed seismic attributes into the SOM facies classification. Because we are using four attributes at each voxel, our analysis is in the 4D attribute space. In this case, the objective of SOM is to fit a deformed 2D surface (called a manifold) distribution of the data points living in 4D space. Each data point is projected onto the nearest part of manifold, which is then mapped to a 2D color bar. In this manner, voxels that have a similar response (they lie next to each other in 4D space) project onto nearby locations on the manifold and are displayed as similar colors. In contrast, voxels that exhibit a very distinct attribute behavior (they lie far from each other in 4D space), project onto different parts of the manifold and appear as different colors. Details can be found in Zhao et al. (2016) and Roden et al. (2015) . Figure 23 shows a vertical slice connecting the four Kora wells illustrating the distribution of the chaotic moderate and the continuous high-amplitude seismic facies. The same vertical slice is then shown with our SOM facies classification (Figure 24) . From this classification, we can observe three distinctive colors (facies). The orange colors represent the continuous high-amplitude facies, whereas the purple colors represent the chaotic moderate amplitude facies. The third, green-ish, facies are more representative of the siliciclastic sediments underlying and onlapping onto the volcano. It is still not clear from this vertical slice what is the nature of this orange facies, which appear to be more dominant adjacent the Kora-4 well. Extracting the SOM classification on the top of the time-structure map of the volcano, we can observe its geomorphology. We observe the orange facies to be mainly distributed on the western flank of the volcano, whereas the purple facies appear to be more Interpretation / August 2017 SK131 prominent in the eastern flank and between the orange facies ( Figure 25) . A solid black line is drawn to highlight these unknown facies. Based on the geomorphology and structural relation to the volcanic cone, we interpret the orange facies to be lava flows/volcanic tongues, such as those reported by Klarner et al. (2006) and McArdle et al. (2014) . In terms of the spatial distribution in which pyroclastic and lava flows extend: One possible explanation to why the purple facies (pyroclastic flows) are more prominent in the eastern flank of the volcano and the orange (lava flows) facies dominate the western flank, may be related to the paleo-water currents flowing in the direction of the shoreline and evidenced by the ADC facies in the east (Figure 12 ; which appears to have been east-southeast, like today's Taranaki Peninsula shoreline), whereas the lava flows where dense enough to fight the water resistance and deposits mainly in the western flank.
Dry-hole analysis
To determine the failure of Kora-4 in the Miocene volcanics, we need information about the source rock in the Northern Graben of Taranaki Basin. According to the geochemistry report, a source rock (Waipawa Shale) interval is penetrated by well Ariki-1. Cuttings from this unit exhibit total organic matter ranges between 1.8% and 6%. These samples along with the crude oils from Kora-1 DTS's were analyzed by Geotechnical services Pty. Ltd. in 2005 for Crown Minerals, New Zealand. Their analysis based on biomarker profiles concluded that the Kora-1 oils from DTSs in the Miocene volcanics and the Eocene Tangaroa sandstone correlate well with the Paleocene Waipawa Black Shale . Seismic facies classification result using SOM. We interpret the purple facies to be pyroclastic flows based on the core descriptions provided in the wells completions reports for wells Kora-1-3. In contrast, the yellow facies we interpret to be lava flows/volcanic tongues, such as those reported by Klarner et al. (2006) , are based on their geomorphology and structural relation to the volcanic cone. Facies are colored based on our latent space axes. equivalent present in Ariki-1, (Figure 26 ). They also noticed that although the Ariki-1 analyzed cuttings samples were less mature (as one can observe in the low values of the resistivity log "LLD" in contrast to a mature source rock with high resistivity, like that described more recently by Infante-Paez et al., 2017) than the oils found in Kora-1, marine-derived sterane signatures, which include the presence of C30 components, characterize the Kora-1 oils and the Ariki-1 4128 m extract.
Altered thermal maturity
The difference in maturity from the samples in Ariki-1 and the Kora-1 crude oils is due to the ingenious activity present in nearby wells Kora-1-4 and absent in Ariki-1 (Figure 12) . Evidence of the impact of this igneous activity in thermal maturity can be observed in the burial history and temperature profiles generated by the basin modeling report for Crown Minerals, New Zealand.
The Ariki-1 temperature profile obtained from bottom-hole data indicates a geothermal gradient of approximately 2.67°C/100 m (Figure 27 ), which is a normal gradient for passive margin basins (Nemčok 2016) . In contrast, Figures 28 and 29 show the temperature and vitrinite reflectance R o profile for wells Kora-1 and 4, respectively. Temperatures obtained for Kora-1 are more accurate because they were obtained from DST, whereas temperatures for Kora-4 were obtained from bottom-hole measurements. Although geothermal gradients for both Kora wells are similar (close to 3.25°C/100 m), the vitrinite reflectance measurements are substantially higher than the expected kinetics maturity trend (up to 5 R o % in Kora-1). The higher R o values are due to the excessive heat produced either by the igneous intrusions, streaming hot gases, or hydrothermal interactions with the surrounded rocks, as one can infer from the vertical amplitude sections (Figures 12 and  15-18 ). 
Migration pathways analysis
According to the basin modeling report, the Paleocene Waipawa source rock is believed to have spelled most of the hydrocarbons recently (5 ma) short after it entered the oil window (Figures 30 and 31 ). This hydrocarbon would have been stored in the Tangaroa sandstone, which is capped by the thick shale unit; furthermore, any movable hydrocarbon had to migrate through leaking faults. Figure 32 shows our interpreted horizons of the Paleocene Waipawa source rock, the top of the Eocene turbiditic Tangaroa Sandstone reservoir, and the top of the Miocene volcano with extracted dip magnitude and dip azimuth corendered with the dip magnitude, respectively (similar to Figure 5) , in which the fault network can be observed. Figure 33 shows a 3D view of the mentioned horizons and the main faults connecting the Paleocene source rock and the Miocene volcanics. It is noticeable that both faults connect the area drilled by Kora-1 and 4. Therefore, the fact that Kora-4 is a dry hole is most likely due to the poor migration pathways of the barrier fault because not even shows were found in this exploratory well. Alternatively, that barrier fault may have conducted hydrocarbons from the Paleocene Waipawa source rock to the lava-flow facies in the Miocene volcano, but then Kora-4 had to be positioned below the oil-water contact. This in addition with the good log porosity shown in Figure 13 makes us conclude that the reason Kora-4 did not encounter any hydrocarbons in the lava-flow facies was due to a source charge issue produced by a poor migration pathways, as shown in Figure 34 .
Conclusion
Integrating well control and well reports, nearby modern volcano analogs and concepts of seismic geomorphology, we successfully map the distribution of the pyroclastic and lava flows, as well as deeper sills and dikes, which are probably responsible for the formation of the Miocene Kora volcano. In addition to geomorphology of shape and proximity to other components of the volcanic system, amplitude anomalies aided in the identification of intrusive sills, VMTDs, ADC sediments, magma conduits, and what we hypothesize to be hornfels.
Moreover, igneous bodies can indeed affect almost every element of the petroleum systems. As we showed in this case study, igneous intrusions can positively alter the maturity of the source rock moving it into the oil window. Igneous bodies can create structural traps (forced folds), migration pathways from cooling and collapse of the volcanic edifice (radial faults) or from upward migration breaking the host rock. Volcanic rocks can even form the reservoir, which, in this study, pyroclastic flows flowed 668 BOPD for 254 h with Figure 34 . Vertical amplitude section connecting the Kora-1 and 4 wells. The previous three faults are displayed, showing the interpreted leaking and barrier faults. The green arrows point to the leaking faults and their evidence of hydrocarbons. The black arrow explains a second hypothesis. This points to possible evidence of hydrocarbon, assuming the barrier fault is leaking and the Kora-4 well is below the oil-water contact. Figure 33 . A 3D view of the base of the Paleocene, the Eocene, and the top of the Miocene volcanic. Three main faults (migration pathways) are mapped, which connect the source rock to the Miocene volcanics.
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Likewise, we would like to stress that the appearance of volcanic facies often mimics other facies of exploration interest. Small volcanic cones appear similar to carbonate buildups and exhibit a similar high impedance. The VMTDs look like siliciclastic mass-transport complexes. If one does not properly account for polarity, igneous sills can be easily misinterpreted to be hydrocarbon bright spots.
In many situations, igneous rocks exhibit high magnetic and gamma-ray anomalies. Common pitfalls are to ignore the impact of residual magnetism, or the removal of a magnetic anomaly by diagenetic alteration. Fortunately, identification and linkage of the diverse architectural elements that compose the volcanic system described in this and companion papers in this special section provide the means to avoid such interpretation pitfalls.
